Abstract-Various types of tactile pressure sensors in robotic grasping operations have been effectively implemented in robotic hand fields. Some useful approaches of these tactile sensors are briefly discussed in this study based on their robotic hand applications. A robotic hand model is also designed to employ the tactile sensors that have recorded the information that is collected through the physical interaction between the pressure sensors and the object. This study has practically investigated the response of the piezoresistive pressure sensor during the object gripping operations in different weights. Empirical results have proven that the piezoresistive pressure sensor is the proper technique that can be implemented in robotic hand applications. The correlation between the input force and the output volt has been experimentally derived to achieve the efficient gripping operation.
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I. INTRODUCTION
T HE hand is an essential part of the human body. It has been created with tremendous structure and exact capability. It possesses an adequate ability to perform maneuver motions and accomplish some complex actions [1] . However, the human hand still has some limitations to execute other tasks, such as dangerous or sophisticated operations in military and medical applications. High probability of errors could also occur in repetitive and maintenance tasks because the ability of the human hand is limited. Thus, significant efforts have been exerted in recent years to improve the robotic manipulators, such as robotic hand or robotic claw. Meanwhile, robotic hands have become indispensable, and they have been broadly implemented in significant applications [2] . The robotic hand is widely used in automotive manufacturing industries. For instance, it is used in picking and placing, sorting, packaging, and palletizing. It also substitutes the human hand in assembly and material handling production line [3] . The researchers focus on understanding tactile sensor characteristics, including the different useful illustrative applications that have been conducted in various fields [4] .
II. BACKGROUND
Grasping objects could be achieved by using the dexterous robotic hand presented in [5] , which is illustrated to grasp both pliable and rigid objects. In [6] and [7] , gripping operation has been implemented by robotic hands that have used special types of tactile sensors that have employed physical properties and events through contact with objects. Numerous tactile sensors have been developed, and the sensor hardware has evolved to achieve certain gripping tasks. Some efforts have been exerted in developing tactile pressure sensor structure, such as [8] and [9] , to accomplish the gripping mechanism by using a robotic hand. Most recent studies show that advanced robotic manipulations have used tactile pressure sensors that have been implemented in different applications. The main interesting issue in advanced robotic manipulation tasks is that a robotic hand should be equipped with distributed tactile pressure sensors that can continuously provide information about the magnitude and direction of forces at all contact points between the sensing area and the object. Numerous studies have reported that the proposed method that has used tactile sensor information through physical contact between the sensor and the object can be applied in detecting both pressure force and hardness of an object [10] . Several studies have also documented that tactile pressure sensors have been successfully utilized in different concepts of design and action principles. Those tactile sensors have presented the process of determining physical features with the environment [11] and [12] and measuring the applied forces exerted over an object and the art in tactile sensing and investigating the trends [13] . The tactile pressure sensors are designed and implemented based on different principle actions and materials, such as strain gauge [14] , piezo-capacitive [15] , piezo-electric [16] and [17] , electrical conductive fabric and strings and conductive mechanism based on pressure sensitivity [18] , pressure conductive rubber layer and implemented contact electrodes [19] , and piezo-resistive pressure sensors [20] . One of the well-known tactile pressure sensors is piezoresistive tactile pressure sensor that has been widely used in robotic gripping implementations, such as gripping an object with different weights and shapes [21] - [23] . A key aspect of pressure sensor is that it is capable of indicating the touch situation or continuous pressure force that occurs between the subjected object and the pressure sensor. This indication happens based on the changing of sensor resistance corresponding to the applied force. The findings of the investigation complement those of earlier studies and support that piezoresistive sensor is considered an appropriate approach in robotic hands that are dedicated for nominated missions, such as gripping operations.
III. EXPERIMENTAL SETUP

A. Diagram of the proposed circuit
The piezoresistive pressure sensor is known as the forcesensing resistor (FSR). It consists of polymer thick film that detects the applied force with respect to the correlation output from this sensor. This device can determine both touch situation and continuous pressure force between the sensing area of the pressure sensor and the particular object. In order to integrate the FSR sensor into an application. Force-to-voltage circuit can be implemented to incorporate the output voltage with the input force. The calibration is used in expressing the output into appropriate engineering units, such as Newton. The proposed circuit is shown in Figure 1 . This circuit is derived by a -5 V DC excitation volt. An inverting operational amplifier (op-amp) has been wired to the pressure sensor with a feedback reference resistance (RF). The pressure sensor is supplied with a negative volt to ensure the occurrence of a high sensitivity, and the output of the pressure sensor connects to the inverting input of the op-amp to obtain a positive output voltage. The output voltage is changed based on the changing of the pressure sensor resistance. The sensitivity of the pressure sensor could also be adjusted by both changing the RF and/or deriving the excitation voltage. The pressure sensor output voltage is shown in Equation 1. 
where Vt, Rf, and Rs are the input voltage, feedback RF, and pressure sensor resistance, respectively. Figure 2 shows that the microcontroller unit (MCU) is Arduino Uno R3, which is selected because of its features: analogto-digital converter, motor driver, pulse width modulation signals, digital in/out pins, analog input pins, low cost, and excellent compatibility with external components. The PCB circuit is designed and implemented for empirical purposes. It provides an analog readout circuit that is used to achieve the experimental data extraction. The research attempts to realize an autonomous gripping operation that is supplied with an infrared sensor (IR) that can detect if the subjected object is between the robotic claws, it means it is ready to be gripped. 
B. Proposed robotic hand model
Gripping an object successfully in different weights is the main objective of this study. A hard rectangular object is considered as a sample for gripping operations in this experiment. Figure 3 shows that the subjected surface of this object is flat. The weight and dimensions of this object are 0.4118 N and 84 mm × 130 mm, respectively. The dimensions of the object should be larger than the claw of the robotic hand model to ensure that the object covers the entire sensing area of the pressure sensor attached to the claw. The proposed robotic hand model is designed and implemented to accomplish the crucial aim of an object gripping that measures and calculates the response of the pressure sensor from contact points with the gripped object. Figure 4 shows that simplicity and flexibility are the ideal features of the robotic hand model. The robotic structure of the proposed robotic hand model has been designed and assembled in 100 mm ×205mm× 215 mm dimensions. This robotic hand consists of only one claw, and its maximum open dimension is 60 mm. This claw can be moved by using the DC servo motor within only one degree of freedom in the X-axis. The robotic hand can hold weight up to 3.187 N. The two robotic fingers are provided with two piezoresistive pressure sensors (FSR), and each sensor is attached on the individual finger. This approach of mounting the pressure sensors was applied to measure the continuous gripping force produced between the robotic fingers and an object. The pressure sensor functions with diverse force range. The force range of the proposed design is 0 N to 111 N. The sensing area of FSR is 25.4 mm in diameter and 0.203 mm in thickness. In the robotic gripping mechanism, the movement calibration control of the DC servo motor should be adjusted properly to avoid mechanical faults. The position of the motor can be controlled by receiving control signals from the MCU. The robotic claw moves automatically in Xaxis after detection of the particular object. The control unit of the DC servo motor sends the current position to the MCU and receives the commands from the MCU to move to a new desired position. The driver circuit in the MCU sends pulsewidth modulation (PWM) signals through the control wire; these signals determine the desired position between 0 to 180°. Generally, the servo motor expects to receive the signal every 20 ms, and the length of pulse indicates how far the motor turns.
IV. RESULTS AND DISCUSSION
When the object enters the sensing area between the claws, the robotic hand moves to grip the object automatically. Then, the piezoresistive pressure sensor records the physical contact between the gripped object and the sensor itself. This procedure was repeated 10 times to calculate the proper gripping force average. After that, the object's weight was being increased and the measured output voltage was recorded in each individual weight. The two analog output values that are measured through using pressure sensors are voltage and resistance. The process measurements of an automatic object gripping operation are reported in Table I , including all required parameters that are recorded during the gripping tasks. These parameters are represented as the measured voltage average of each pressure sensor in 10 gripping attempts, resistance of each pressure sensor and their average value, and the conductance. Table I consists of seven rows, each row is represented as an individual experiment with different object's weight. The proposed algorithm for an object gripping and measuring its weight has been properly achieved in every experiment. The empirical findings have shown that the correlation between the resistance in megaohm and pressure sensor in Newton is inversely proportional, as shown in Figure 5 . The resistance curve dramatically regresses when the pressure sensor starts to increase. The object is successfully gripped at 0.4118 N, and the resistance decreases. Thereafter, the resistance gradually decreases until it reaches below 2 megaohm. While the pressure increases in every step, the weight of the object also gradually increases until it covers the entire range of the pressure sensor. However, the resistance curve is not linear enough. Thus, the conductance curve is calculated for calibration and analysis purposes. The linearity regression of the conductance curve is the inverse of the resistance curve, and it is important for calculating the residual of the curve. This residual value calculates the accuracy of the collected data. The experimental results have indicated that the output voltage of the pressure sensor increases over a series of calibrated weights when the input pressure force increases. This proportional correlation is shown in Figure 6 . Each individual point in this graph is represented as a gripping operation of the sample object in different weights by using the proposed robotic hand model. In the first gripping operation, the weight of the object is 0.4118 N, and the output voltage is 0.21 V. In this attempt, the resistance value considerably decreases and reaches less than 25 megaohm. Thereafter, the weight gradually increases in each individual gripping operation until it covers the whole gripping ability. In this procedure, the output voltage of the pressure sensor continuous to increase and the resistance value decreases. The maximum object weight that is gripped successfully is 3.187 N. The gripping operation procedures of the proposed robotic hand model are summarized as concise and comprehensible. After initializing the system, the robotic hand opens, and the prepared robotic fingers are moved to the initial position. Thereafter, the IR sensor monitors the distance sensing space between the fingers, and the DC servo motor commences to move when the IR sensor declares the inception point. The moment the proposed object touches the pressure sensors, the output signals are indicated through an analog readout circuit. This contact situation is recorded as the initial physical interaction. Thenceforth, the process can measure the pressure value and analyze the data to calculate the object weight that enables the control system to adjust the gripping force based on the estimated object weight. Then, the gripping attempts were repeated with different weights to obtain a linear equation between the pressure sensors and the applied force. The measured output voltage of the pressure sensors increases when the object's weight increases, this proportional correlation could be applied in a linear equation (y = a ± bx) to calculate the unknown object's weight. The gripping attempts after the object weight has increased require additional pressure force that leads to the generation of further output voltage. This study investigates the characteristics of the piezoresistive sensor that determines the measured voltage that can be used to properly approach the algorithm of the gripping controlling system in different weights. The physical contact between the sensor and the subjected object generates a proportional correlation between the voltage and the pressure sensor. The recent pieces of evidence suggest that robotic gripping tasks could be properly achieved when the physical events are recoded by implementing a piezoresistive sensor. This sensor is convenient for flexible robotic applications. Future studies could apply a new approach of embedding the piezoresistive pressure sensors and cooperating with position sensors in gripping implementations. This study may include an applied pressure controlling algorithm that can provide more gripping features, such as in slip situations.
